Evidence for two-gap nodeless superconductivity in SmFeAsOo.sFo.2 from 
point-contact Andreev-reflection spectroscopy 
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Point-contact Andreev-reflection measurements were performed in SmFeAsOo.8Fo.2 polycrystals 
with T c ~ 53 K. The experimental conductance curves reproducibly exhibit peaks around ± 6 
mV and shoulders at V ~ 16 — 20 mV, indicating the presence of two nodeless superconducting 
gaps. While the single-band Blonder-Tinkham-Klapwijk fit can only reproduce a small central 
portion of the conductance curve, the two-gap one accounts remarkably well for the shape of the 
whole experimental d//dV. The fit of the normalized curves give Ai(0) = 6.15 ± 0.45 meV and 
A2(0) = 18 ± 3 meV. Both gaps close at the same temperature and follow a BCS-like behavior. 

PACS numbers: 74.50.+r , 74.70.Dd, 74.45.+C 
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The experimental evidence of superconductivity in F- 
doped LaFeAsO Q opened the way to the discovery of 
a new class of superconductors that, with the exception 
of the copper-based high-T c superconductors, show the 
highest superconducting critical temperatures known so 
far, with a record T c of 55 K in F-doped or oxygen defi- 
cient SmFeAsO @,[|]. 

Similarly to LaFeAsO 4], SmFeAsO is semimetallic 
and shows a spin-density-wave (SDW) antiferromagnetic 
order as well as a tetragonal-to-orthorombic structural 
transition at ~ 140 K 5]. Above a critical value of F sub- 
stitution [H , charge doping on FeAs planes suppresses the 
SDW order and superconductivity occurs. The vicinity 
of the superconducting state to a magnetic order raises 
many questions concerning the pairing mechanism that 
is responsible for superconductivity. Theoretical calcu- 
lations for the LaFeAsOF system showed that the 
electron-phonon coupling is not sufficient to explain the 
observed T c . An extended s±-wave pairing with a sign 
reversal of the order parameter between different sheets 
of the Fermi surface was thus proposed for the same 
compound and shown to be compatible with a coupling 
mechanism related to spin fluctuations. On the other 
hand, a growing evidence for multi-gap superconductiv- 
ity in Fe- As-based compounds is being provided by sev- 
eral experimental works [1 ©, M, [n, UJ, H, 0, HE El • 
In this situation, where there is no general consen- 
sus concerning the pairing mechanism in these new su- 
perconductors, the determination of the number, na- 
ture and symmetry of the superconducting order param- 
eter^) assumes particular importance. In this regard, 
point-contact Andreev-reflection (PCAR) spectroscopy is 
a powerful technique to determine the gap value(s) and 
its (their) symmetry. PCAR measurements performed so 
lil . 17 1 are somehow in disagree- 



far in SmFeAsO i-zF 
ment with each other: Chen et 
BCS-like, s-wave gap while Wang et 



17| observed a single, 
fill ] reported 

two nodal order parameters. Here we report results of 
point-contact Andreev-reflection measurements on high- 



quality polycrystalline samples of SmFeAsOo.sFo.2 with 
T°" = 53 K reproducibly showing the presence of two 
nodeless energy gaps, Ai(0) = 6.15 ± 0.45 meV and 
A 2 (0) = 18 ± 3 meV; both gaps show a BCS-like tem- 
perature dependence and close at the same temperature, 
always very close to the bulk T c measured by suscepti- 
bility and resistivity. 

The polycrystalline samples of SmFeAsOo.sFo.2 were 
synthesized under high pressure starting from SmAs, 
FeAs, SmF3, Fe203 and Fe. After the materials were 
pulverized and sealed in a BN crucible, a pressure of 30 
kbar was applied at room temperature. The tempera- 
ture was then increased within 1 h up to 1350-1450 °C, 
kept for 4.5 h and quenched back to room temperature. 
Finally the pressure was released. The resulting samples 
are very compact and made up of shiny crystallites whose 
size, as revealed by SEM images, is of the order of 30 /im. 
The onset of the magnetic (resistive) transition is 52.1 K 
(53.0 K), as shown in the insets of Fig. [1] 

Instead of a metallic tip pressed against the sam- 
ple as in the standard PCAR technique, we made the 
point contacts by placing a small drop of Ag conduct- 
ing paste on the freshly cleaved surface of the sample. 
This is a pressure-less technique we successfully used in 
various classes of superconductors, i.e. MgB 2 , CaCg, 
ruthenocuprates, A15 (for details see, for instance, refs. 
[IH and O). It gives much more stable contacts under 
thermal cycling, which allowed us to easily record the 
conductance curves up to 200 K. 

When performing PCAR experiments, the size of 
the contact should be smaller than the electronic 
mean free path, £, in the superconductor [2fJ]. Only 
in this way the condition for ballistic conduction in 
the contact is fulfilled and spectroscopy is possible. 
Although at present the value of £ is still not known 
in this low-carrier-density compound, the presence of 
clear Andreev-reflection features, the general shape of 
the conductance curves, the absence of dips 
the coincidence between the critical temperature 
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FIG. 1: (color online) Temperature dependence of the raw 
conductance curves of a point contact with T c ~ 52 K. The 
low-temperature curve (upper thick line) features two peaks 
and two shoulders (indicated by arrows) related to Ai and 
A2, respectively. The curve at T c (middle thick line) has a 
hump- like shape which flattens at ~ 140 K (lower thick line). 
Insets show the resistivity and dc susceptibility of the sample. 



the junction and the bulk T c indicate that the spec- 
troscopic requirements are satisfied in our measurements. 

The differential conductance curves of our point con- 
tacts were obtained by taking the numerical derivative 
of the TV characteristics. In order to compare the re- 
sults with a theoretical model, the measured conduc- 
tance curves of each junction had first to be normal- 
ized, i.e. divided by the relevant normal-state conduc- 
tance. A fit was then performed by means of a two-band 
modified [22| Blonder-Tinkham-Klapwijk model [23[ gen- 
eralized to take into account the angular distribution 
of the current injection at the N/S interface [24j . Ac- 
cording to this model the normalized conductance is 
the weighed sum of the conductances of the two bands, 
G = Wl Gf TK + (1 - wi)G£ tk where Wl is the weight of 
band 1. Each conductance depends on 3 parameters: the 
gap value, A, a broadening parameter, T 



22j, and the 



barrier parameter Z that accounts for both the height 
of the potential barrier and the mismatch of the Fermi 
velocities at the N/S interface [H, Although the 

model contains 7 fitting parameters (3 for each band 
plus Wi), they are not totally free in the sense that, if 
one fits the whole temperature dependence of a conduc- 
tance curve, the two barrier parameters Zi and Z2 as well 
as the weight W\ should be kept constant with increasing 
temperature, while the broadening parameters T\ and T2 
should remain almost constant, or increase at T>T c /2. 
These requests automatically restrict the variability of 
these parameters. 

Figure Q] shows the raw conductance curves of a 28- 
il contact, measured from 4.2 K up to about 180 K. 
The critical temperature of the junction is ~ 52 K. The 



low-temperature curve (upper thick line) shows clear 
Andreev-reflection features such as two peaks at ~ ±6 
mV, certainly related to a superconducting gap [T3| , plus 
two pronounced shoulders at higher bias voltages that, in 
a way very similar to what previously observed in MgB2 
[ijj], can indicate the presence of a second, larger gap 
(this indication will be further substantiated in the fol- 
lowing, by fitting the conductance curves up to T c and 
observing the temperature evolution of the gaps). In all 
our contacts, the normal-state conductance curve mea- 
sured at T c (middle thick line in Fig. [I} features a hump 
at zero bias that gradually decreases with increasing tem- 
perature until it completely disappears (lower thick line) 
around the Neel temperature of the parent compound, 
Tn ~ 140 K This might suggest a magnetic origin of 
this hump. A similar downward curvature of the normal- 
state spectrum was also found in recent PCAR [l(| and 
ARPES [§] measurements in Bao.6Ko.4Fe2As2- Finally, 
the conductance is asymmetric (higher at negative bias, 
i.e. when electrons are injected into the superconductor) 
at all temperatures, even above T c . This asymmetry, 
clearly visible in Fig|Tl was also observed in other PCAR 
measurements flfjl lll| and is most probably related to 
the fast decrease of the density of states at the Fermi 
level [2^]. Note that the asymmetry persists even when 
the zero-bias hump disappears. 

Figure [2] shows several examples of low-temperature 
normalized conductance curves (symbols). Since the up- 
per critical field, H C 2, is certainly very high 25j, the nor- 
mal state conductance at T<T C is not experimentally 
accessible. The normalization was therefore performed 
by using the normal-state conductance curve measured 
at the critical temperature of the junction. The contact 
resistance Rjv, indicated in the labels of each panel, de- 
creases from top to bottom. In all cases the one-gap 
BTK fit (dash lines) is compared to the two-gap one 
(solid lines). It is clear that the quality of the fit per- 
formed with the one-gap model is quite poor and can 
account only for a small central portion of the curve (as 
in Ref.[I3|)- The resulting values of the gap range be- 
tween 6.45 and 8.9 meV, corresponding to 2A(0)/fcsT c = 
2.9-3.9. The two-gap fit can instead reproduce the mea- 
sured conductances remarkably well and gives values of 
5.7-6.6 meV for the small gap, and of 16-21 meV for 
the large one. In most cases, the amplitude of the An- 
dreev signal (height of the curves) is of the order of 20- 



30 % (similar to what observed in Refs. [17J, LL8|, Il9j |) 
and gives clear and unambiguous measurements; the ra- 
tio r(0)/A(0) was usually ~ 0.5 — 0.6 or smaller; w% was 
0.55 ± 0.10 depending on the junction. The normalized 
conductances often show a residual asymmetry between 
the left and the right part which mainly affects the de- 
termination of the larger gap; this asymmetry might be 
due to the aforementioned unconventional shape of the 
background which is itself asymmetric and changes with 
temperature. When possible, a fit of both sides of the 



3 



CD 

o 
c 

CO 

4—* 

o 

Z3 
"O 
C 

o 
O 

"O 

CD 
N 

05 

E 
o 



1.0 
1.4 

1.3 

1.2 

1.1 

1.0 
1.3 

1.2 

1.1 

1.0 
1.15 

1.10 

1.05 

1.00 
1.20 

1.15 
1.10 
1.05 



1.00 

-60 



a) 

- One-gap fit 

a=8.0 meV 

- R N =256Q i 


T=4.21 K 


Two-gap fit 

\. a 1= 6.6 meV • 
\ A 2 =20.0 meV 
^Kt = 51.5K 






- a = 7 meV 
R N =115n 


T-4.33 K 


A =6.1 meV 
A 2 =16meV 

\ T c = 52 K 




-c) 

A 1 = 8.3 meV 
R N =30.5 n j 


T=4.22 K 


a, =6.6 meV 
. A != 21.2meV 

\t~52K. 




- d) 

A = 6.45meV 
R N = 28 a j 


T=4.25 K 


A 1= 5.7 meV 
A 2 =19 meV 

, X^T'o' 5 ^ - 


. e) 




A, =6. 6 meV ■ 


A = 8.9meV 




5. A s =20 meV 


- R N = 15n J 








T=4.22 K 





1.25 



CD 
O 

sz 

CO 



40 -20 20 40 60 

Voltage (mV) 

FIG. 2: (color online) (a) to (e): normalized conductance 
curves (symbols) at 4.2 K in SmFeAsO0.8F0.2- The contact 
resistance, Rat, decreases from top to bottom. The curves are 
reported together with their relevant one-gap (dash lines) and 
two-gap (solid lines) BTK fits. The gap values are indicated 
on the left (single-gap fit) and on the right (two-gap fit). 



normalized curves was done in order to determine the 
spread of A2 values arising from this asymmetry. 

Several point-contact measurements on Fe-As-based 
superconductors reported a dependence of the conduc- 
tance curves on the contact resistance and, therefore, on 
the pressure applied by the tip with the consequent ap- 
pearance of additional structures, mainly zero-bias con- 
ductance peaks (ZBCP), not related to the superconduct- 
ing gaps [13, H?]]- As clearly shown in FigEl this problem 
is completely overcome in our point contacts, where no 
pressure is applied to the sample. The general shape of 
our curves is rather independent on the contact resistance 
(as expected for ballistic junctions) and the extracted gap 
values are in good agreement with each other even for 
very different contact resistances (see, for example, the 
curves in panel (a) and (e) of Fig. 2). The systematic ab- 
sence of zero-bias peaks in our curves completely rules out 
the d-wave symmetry for the gaps. As a matter of fact it 
can be easily shown that, in the case of a d-wave gap, all 
the conductance curves calculated within the generalized 
BTK model [H| using T(0)/A(0) = 0.5-0.6 and Z values 
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FIG. 3: (color online) Temperature dependence of the nor- 
malized conductance curves (symbols) together with their 
relevant two-gap BTK fits (lines). The curves are vertically 
shifted for clarity. The raw data are those shown in Fig. 1 
and the insets show the temperature dependency of the gaps 
(Ai and A2) and of the broadening parameters (ri and T2) 
given by the two-gap fit. 

similar to the experimental ones (Z = 0.3-0.4), show clear 
ZBCP at 4.2 K whenever the direction of injection of the 
current forms an angle [3 > 15° with respect to the anti- 
nodal direction [28j |. If the gaps had d-wave symmetry, 
the experimental absence of ZBCP would mean that the 
current was always injected within 15° of the anti-nodal 
direction, which is absolutely unreasonable in the case of 
polycrystalline samples. 

In order to obtain the behavior of the two gaps as 
a function of temperature, a fit of the temperature de- 
pendence of the normalized conductance curves was per- 
formed with the two-band BTK model. A typical result 
is shown in Fig. [3] where the experimental data (sym- 
bols) are compared to the relevant BTK curves (lines) 
that best fit the positive-bias side. The barrier parame- 
ters Zi and Z2 used for the fit are indicated in the label 
of the right inset; a small decrease (of the order of 20% of 
these values) had to be allowed to obtain a good fit of the 
whole temperature dependence - but this might simply 
mean that the normal-state conductance at low temper- 
ature is more peaked that that at T c . The values of the 
gaps Ai and A2 and of the broadening parameters Ti and 
T2 are reported in the insets. Note that the temperature 
dependence of the gaps is impressively BCS-like, with 
gap ratios 2Ai(0) /k B T c = 2.55 and 2A 2 (0)/fc B T c = 8.5. 
Here, error bars indicate the uncertainty on the gaps due 
to the fit and the experimental resolution of the tech- 
nique, ksT. 

The temperature dependence of the gaps obtained 
from the two-gap BTK fit of the curves shown in fig- 
ure [3] and from various other measurements is reported 
in figure [U The reproducibility of the small gap (open 
symbols) is noticeable: Ai is close to 6 meV at low tem- 
perature and follows a BCS-like trend up to the critical 
temperature which was always between 50 and 53 K (the 
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FIG. 4: (color online) Temperature dependence of the gaps 
Ai (open symbols) and A2 (full symbols) as extracted from 
the two-gap fit of the conductance curves. Lines are BCS-like 
curves. Details are in the text. 



normalized temperature T/T c is used in FigU for ho- 
mogeneity). As far as A2 is concerned, its behaviour in 
each set of data is nicely BCS, but the spread of val- 
ues between different data sets is rather wide: all the 
data fall in a region bounded by two BCS-like curves 
with gap ratios 2A2(0)/fcsT c ~ 7 and 9, respectively. 
Incidentally, this region is centered on a value A2 ~ 18 
meV that is close to that determined with infrared cllip- 
sometry [2!|, A ~ 18.5 meV. The spread of A2 values 
shown in Fig|4] cannot be ascribed to our PCAR tech- 
nique, since in MgB2, for example, both the gaps were 
determined in exactly the same way with a great accu- 
racy (±0.5 meV at most, at 4.2 K). It is instead a prop- 
erty of this particular compound; it mainly comes from 
the residual asymmetry of the normalized curves (when 
the negative/positive bias side of the same curve is fit- 
ted). Even though, as explained above, this asymmetry 
is likely to be due to the shape of the normal state (which 
possibly becomes more and more asymmetric on decreas- 
ing temperature), we cannot exclude other possibilities, 
i.e. that it is an intrinsic feature of the superconducting 
state in this material. Finally, notice that at low temper- 
ature the ratio of the gaps, A2/A1 is ~ 3. Similar values 
have also been reported for other pnictide superconduc- 
tors [13, 11 , 12 1 and might indicate that the proposed 



interband-only, extended s±-wave model Q cannot fully 
explain the experimental data since a higher intraband 
coupling of non-magnetic origin should also be taken into 
account (30l |. 

In summary, we performed pressure-less PCAR mea- 
surements in SmFeAsOo.sFo.2 with T c up to 53 K. The 
experimental point-contact conductances show peaks 
around ± 6 mV and clear shoulders at higher bias volt- 
ages, ±16-20 mV, indicating the presence of two su- 
perconducting gaps. The BTK fit of the low-temperature 
normalized conductances fully supports this observation: 



the single-band fit gives gap values in good agreement 
with those reported in literature 17J but can only repro- 
duce a small central portion of the conductance curve. 
The two-gap fit, instead, accounts remarkably well for 
the shape of the whole experimental curve. Furthermore, 
the fit of the temperature dependence of the normal- 
ized conductance curves gives a BCS-like dependence for 
both the gaps, which close at the same critical temper- 
ature, directly revealing that multi-gap nodeless super- 
conductivity is a fundamental property of this oxypnic- 
tide superconductor. Averaging over various contacts, 
we obtained Ai(0) = 6.15 ± 0.45 meV and A 2 (0) = 
18 ± 3 meV with ratios 2Ai(0)/A: B T c = 2.5-3 and 
2A 2 (0)/k B T c = 7-9, respectively. This result, together 
with other experimental findings in pnictide supercon- 



ductors 



ler experimental nndmgs in pn 
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points therefore 



towards a common multi-gap scenario to most (if not all) 
Fe- As-based superconductors. 
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